Abstract: Polymer electrolytes composed of an acrylonitrile and polyethylene glycol methacrylate copolymer poly(ANco-PEGMA) with addition of NaClO 4 are studied by impedance spectroscopy, differential scanning calorimetry (DSC), fourier transform infrared (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). Hexagonal boron nitride (hBN) particles are having increasing interest owing to mechanical properties, thermal stability, chemical stability and good lubrication property. In this study, hBN was used as an inorganic filler. FTIR spectroscopy was used to examine the interactions between the host polymer and both NaClO 4 salt and nano hBN particles. The thermal properties of the composites were studied using TGA and DSC tests. TGA results showed that all the composites membranes were thermally stable till 300°C with one step degradation. Surface morphology of the films was examined with SEM which also reveals the homogeneous dispersion of nano hBN in the polymer matrix. Ionic conductivity was studied with impedance spectroscopy, the results showed that the ionic conductivity increases with increasing PEGMA ratio. ANcoPEGMA 11 20Na (EO:Na ratio = 20) sample showed maximum ion conductivity of approximately 3.6 × 10 −4 S cm −1 at 100°C. This is because ANcoPEGMA 11 20Na has highest percentage of PEGMA and highest number of Na + ion per EO groups.
Introduction
Lithium ion batteries (LIBs), the most popular type of secondary batteries are used in almost all portable electronic devices, are a feasible solution to the larger world energy consumption concerns (1) . Electrochemistry of lithium based cell provides various attractive attributes: lithium is the lightest metal with an exceptional low redox potential (E Li+/Li = −3.04 V versus standard hydrogen electrode). Moreover, lithium ion possesses a small ionic radius which is advantageous for easy diffusion into solid. They also have a long cycle life with high rate capability which also depends on electrodes employed and species that de/intercalates between them. These properties made Li-ion technology confined to the market of portable electronics (2) . Unfortunately, the lithium element has limited resources. The relative abundance of lithium in the Earth's crust is only 20 ppm (3, 4) . Thus, many researchers commit themselves to explore new abundant and low-cost alternatives to LIBs in the Earth such as sodium-ion batteries (SIBs) (2, 4, 5) and calcium-ion batteries (CIBs) (6, 7) . Sodium is available in a high abundance with a low cost: natural sodium is more than 1000 times more abundant than lithium. It can be obtained from both deposits in the Earth's crust and salt water (4) . Sodium has very desirable redox potential (E Na+/Na = −2.71 V versus standard hydrogen electrode: only 0.3 V greater than that of lithium) and also has electrochemical similarities with lithium which have been intensively explored. By following the terminology of LIBs and these desirable properties of sodium, SIBs can be the ideal alternative to LIBs.
Faster development of SIBs can be attributed to the analogous behaviors already known from the studies of the LIBs. SIBs comprise anode electrode, cathode electrode, electrolyte, and porous separator in case of liquid electrolyte. Layered oxide with tertiary or greater transition metals have demonstrated to give the greatest performance among reported cathode materials (4) . Promising anodes are sodium alloying metals composites and carbon. SIB and LIB has the same working principle (4) . In the case of liquid electrolyte, the electrolyte for both is a mixture of organic solvents with dissolved metal salt (~1 m). However, the issues encountered within LIBs also happen within the SIBs including using liquid electrolytes where electrolyte leakage may occur and other safetyrelated concerns (8) . Due to these concerns, solid polymer electrolytes (SPE) are an appealing alternative to replace liquid electrolyte systems.
Electrolytes of all electrochemical energy storage such as batteries are classically given less attention as compared to the active materials (the electrodes) (5, 9) . The reason behind this is because that the electrodes properties define the system energy density (volumetric and gravimetric) and hence are most eye-catching. But the role of the electrolyte should, nevertheless, not be disregarded because it is importantly responsible for life-length and realistic possible performance in terms of practical reachable rate capability, safety, capacity, etc. These impressions are now being actualized by the broader part of battery research and development (R&D) (9) . Also, together with the development of novel techniques analysis, disclosing the task of the electrolytes in gaining the best promising interfaces to the electrodes and hence full performance of the cell (9) . In fact, the electrolyte which ionically links the electrodes is one of the essential aspects that inspire the performance of battery. Utmost research on battery makes use of liquid electrolytes. Researchers usually use the metal salts (Li, Na, Mg, etc) in different non-aqueous organic solvents as the liquid electrolytes (5) . Conventional batteries mostly comprise of liquid electrolyte, that aids Li ions transport back and forth between the anode and cathode (10) . This leads to the high probability of electrolyte leakage if in any case holes are present; this is one of the foremost conventional batteries disadvantages. Dendrites ion formation is another dilemma of the liquid electrolyte battery, which make an increasing chance of explosion (10) . To overcome these problems, solid electrolyte can be placed in between the cathode and the anode of the battery. This is the fundamental principle idea underlying the solid state battery (10) . As compared to liquid electrolytes, SPEs possess several advantages such as promising mechanical properties, easy fabrication into thin films of desirable size, and the ability to form efficient electrode-electrolyte contacts (11, 12 ). An early work on polymer electrolyte was carried out in the 1970s, when Fenton et al. (13) showed that a nonconducting polymer, polyethylene oxide, started conducting when lithium salt was added into the polymer matrix. Several researches on sodium-ion polymer electrolytes have been reported, such as poly(ethylene oxide) (PEO) (14) and polyvinyl alcohol (PVA)-based polymer-salt complexes comprising NaPF 6 , NaClO 4 , NaTFSI, NaFSI, NaTf, Na 2 SO 4 , NaCF 3 SO 3 and NaPO 3 sodium salts (15) (16) (17) (18) . The most extensively studied polymer host for solid polymer electrolyte applications is PEO. This is due to its high electrochemical stability in comparison with other polyethers, copolymers or PEO-branched polymers (8) . SPEs for SIBs simply comprise a sodium salt dissolved in a polymer matrix, the latter usually being poly(ethylene oxide) because of its effectiveness in dissolving alkali metal salts (13) . For polyether based electrolytes, ions transport is supported by segmental motion of polymer chains. Thus, conductivity of such systems decreases on cooling to glass transition temperature or during crystallization, which immobilizes segments of the chain (19) . Preserving amorphous state of salt can be achieved by interactions between salt and polymer matrix. Among different polymers, polyacrylonitrile PAN has been found to be promising for that application. Ferry et al. (20) has shown that PAN is involved in dissolution of the salt and thus suppression of the salt precipitation process. Following the trend of sodium battery research, studies on sodium SPEs were performed since the 1990s and has regained attention quite recently (21) . To date, different combinations of Na-salts and PEO have been considered, mostly mimicking the much more researched lithium based SPEs.
Composite polymer electrolytes have received increasing interest for the past two decades because of their exciting bulk and surface properties (22) . Controlling polymers nanostructure by the addition of nano particles had supported the structural and functional property improvements in various systems of polymer as a material answer to incessant demands for advanced industrial sectors (23) . The accessibility of new nano particles having astonishing properties has led to exciting possibilities in continuous extension of markets of the polymers (23 (24) . Hexagonal boron nitride (hBN) is basically an important material with combination of unique properties. It has been used in matrix for ceramic composites to decrease thermal expansion coefficient, improving thermal shock resistance of the composite and enhancing machinability (25) . Moreover, hBN has also been used in matrix for polymer composites to enhance flame retardant and toughness properties (26) .
In this work a copolymer of acrylonitrile and polyethylene glycol methacrylate (PEGMA) was synthesized, poly(AN-co-PEGMA). The poly(AN-co-PEGMA) was used as matrix to prepare composite polymer electrolytes with different mole ratio of NaClO 4 and nano-hBN as a filler. The effect mole ratio of NaClO 4 salt was investigated to see how it affects both conductivity and thermal properties of the polymer electrolytes. Nano-hBN was employed in order to improve thermal property of the polymer electrolytes. The polymer electrolytes were characterized using FT-IR, X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and scanning electron microscopy (SEM) analysis. Na-ion conducting properties of the materials were studied by dielectric-impedance and the results were discussed and compared with previous reported studies.
Experimental

Materials
Sodium perchlorate (NaClO 4 ) (≥98.0%), polyethylene glycol methacrylate (PEGMA, M n = 360 g mol −1 ), ethyl ether and acetonitrile (≥99.9%) were purchased from SigmaAldrich. Dimethylformamide (DMF), azobisisobutyronitrile (AIBN) and acrylonitrile (AN) were purchased from Merck. Hexagonal boron nitride (hBN) (99% Pure, APS: 70 nm) was purchased from lowerfriction, Canada.
Preparation of the samples
A copolymer of acrylonitrile (AN) and poly glycol methacrylate (PEGMA) with an average molar mass of AN m.u. (monomeric unit) to PEGMA m.u. equal to 1:1, 1:0.5 and 1:0.25 were synthesized by dissolving required amount of AN and PEGMA in 30 ml of DMF and stirred for 15 min in a reaction flask. One percent of AIBN initiator was added into the reaction flask to initiate copolymerization reaction. The reaction was allowed for 5 h and it is shown in Figure 1 . The copolymers were then washed with ethyl ether to remove unreacted monomers and initiator. The copolymers were blended with NaClO 4 salt (EO:Na = 0, 20 and 30) and 5% hBN (w/w) in 10 ml of acetonitrile to form a solution. The solution was stirred till homogeneous mixture was obtained. The composites were prepared by casting the solution on Teflon dish and dried in two stages. In the first stage solvent had been removed by evaporation under normal environmental condition. In the second stage, the samples were placed under vacuum 200 mm Hg at 60°C for 48 h in order to remove all traces of solvent followed by conditioning in an Ar-filled glove box for 24 h.
Characterization
FTIR spectrometer Bruker alpha-P equipped with an ATR module was used to register the spectra in the range of 4000-400 cm −1 in order to observe the functional groups and their interaction in the system.
The polymer electrolytes thermal stabilities were analyzed with Perkin Elmer STA 6000 Thermal Analyzer. The samples were heated from 30°C to 750°C under N 2 atmosphere at a scanning rate of 10°C min −1 PerkinElmer JADE differential scanning calorimetry (DSC) was used to investigate the thermal transitions of the samples. The samples (~10 mg) were put into aluminum pans. In heat flux instruments, the sample and reference are heated from the same source and the amount of heat necessary to keep the reference and the sample at the same temperature were measured. During the measurements, firstly, the samples were heated from 0 to 150°C, and then, they were cooled from 150 to 0°C. Finally, the second heating was performed from 0 to 250°C at a rate of 10°C min −1 under nitrogen atmosphere. Surface morphology of the samples was examined by SEM, JEOL-7001 FESEM (Tokyo, Japan). Prior to the SEM measurements all of the samples were coated with gold for 150 s in a sputtering device.
XRD patterns of the polymer electrolytes and pure hBN were obtained by XRD instrument, Rigaku Smart Lab Diffractometer operated at 40 kV and 35 mA using Cu-Kα radiation having wavelength (λ) of 1.54059 Å. The XRD peaks were recorded in the 2θ range of 10°-70°.
Ionic conductivity measurements were carried out using a Novocontrol dielectric-impedance analyzer. The membranes were sandwiched between platinum blocking electrodes, and the conductivities were measured in frequency range 1 Hz and 3 MHz at 10°C intervals. The temperature was controlled with a Novocontrol cryosystem.
Results and discussion
A copolymer of acrylonitrile and polyethylene glycol methacrylate (PEGMA) was synthesized. The PEGMA was used to reduce the hardness of poly acrylonitrile for good conductivity result. Composite electrolytes, poly(AN-co-PEGMA)/hBN/NaClO 4 (ANcoPEGMA-xNa) were prepared with different mole ratio of NaClO 4 and PEGMA ratio. The interaction between the host polymer and the ions were studied with FTIR.
FTIR study
FTIR analysis was conducted in order to verify the formation of the copolymer of AN and PEGMA. And also to investigate the interactions between NaClO 4 salt and the copolymer host, and incorporation of hBN nanoparticle into poly(AN-co-PEGMA). The FT-IR results of three pure poly(AN-co-PEGMA) copolymers with different AN:PEGMA ratio (1:1, 1:0.5 and 1:0.25) were compared in Figure 2 . The distinctive stretching vibrations appearing at 2239 cm −1 is attributed to C≡N nitrile group of the copolymer (27, 28) . The band at 2877 cm −1 is attributed to stretching vibrations of the aliphatic C-H groups. Bands at 1452 cm −1 and 1347cm −1 are attributed to symmetrical and asymmetrical bending vibration C-H groups in CH and CH 2 (27) . The peaks at 1728 cm −1 and 1091 cm −1 represent C=O and C-O stretching vibrations for carbonyl group of carboxylic ester. The wide band at 3441 cm −1 represents the O-H stretching vibration. The band at 952 cm −1 from the monomers peaks (AN and PEGMA) Figure 3 which is attributed to C=C disappeared, this is due to the disappearing of C=C double bond during copolymerization reaction.
AN:PEGMA ratios were confirmed since the copolymerization % yield is approximately 100%. Furthermore, the ratios were roughly estimated by comparing the peak intensity of the copolymers with different ratio (1:1, 1:0.5 and 1:0.25). Intensity of the peak at 2239 cm −1 (v C ≡ N) increased as the PEGMA ratio decreased from 1 to 0.25 ( Figure 2 group of NaClO 4 (8).
DSC analysis
From the literature pristine PAN homopolymer was recorded to have T g around 95°C (29) and PPEGMA around −57°C (30) . In studying the thermal behavior of the copolymer, DSC scanned from −50°C to 250°C. The DSC results of 
TGA
Thermal stability is one of the most important properties for polymer electrolytes (PEs) in the application of SIBs. TGA gives information about the possible physical and chemical changes that may happen during a thermal excitation in a polymer electrolyte (PE) when it is applied to working systems (31) . Pure PAN and PPEGMA homopolymers are reported to have decomposition temperatures at around 340°C (32) and 250°C, respectively. Prior to the measurement, the pure copolymer and the composites were dried under vacuum at 45°C for 24 h. Figure 7 illustrates TGA results of the neat copolymers. It can be seen that pure ANcoPEGMA 1 05 and ANcoPEGMA 1 025 are stable up to around 330°C and show one step degradation above that temperature. Pure ANcoPEGMA 1 1 showed two step degradation at 270°C and 330°C due to the decomposition of PEGMA and AN units, respectively. Figures 8 and 9 show TGA curves of the copolymers that include both Na salt and hBN. As 5% hBN was added to pure copolymer, there is no change in the decomposition temperature but the residue ratio is higher as expected. The addition of Na salts decreases the degradation temperature of ANcoPEGMA1-05 copolymer but it has no effect for ANcoPEGMA1 025 copolymer. The reason is ANco-PEGMA1 025 has lower Na ratio than ANcoPEGMA1 05. The thermal stability of all composite samples are above 250°C and suitable for polymer electrolyte applications. 
SEM analysis
The SEM provides detailed photographs that give important information about the surface structure which affirms the polymer blends homogeneity (33) . Several studies have reported the use of functionalized hBN which helps to prevent agglomeration in various polymer matrices (33) (34) (35) .
In this study we used pure hBN without any surface modification and sonication was used just to provide homogeneity. Figure 10 shows the scanning electron micrograph (SEM) image of the composites prepared from poly(AN-co-PEGMA) copolymer via the solution casting method. As seen in the images, the composite films are homogeneous and exhibit single phase formation which indicates that hBN was uniformly distributed into the poly (AN-co-PEGMA) matrix.
XRD analysis
XRD analysis is a non-damaging technique which is used to analyze the existence of any phase change or crystallinity changes after blending two different materials with different crystallinity (35) . Figures 11-13 show XRD patterns of pure hBN, ANcoPEGMA 11 0Na, ANcoPEGMA 11 20Na, ANcoPEGMA 1 05 0Na, ANcoPEGMA 1 05 20Na and ANcoPEGMA 1 025 0Na. From the literature neat PAN homopolymer shows a crystalline peak at 2θ = ~17° and this corresponds to orthorhombic PAN (1 1 0) reflection (27, 28, 36) . This strong peak was observed in all the composites presenting the PAN part in the copolymer. For pristine hBN, four peaks were observed: at 26.68° for (0 0 2) plane, 
Conductivity measurement
The behavior of copolymer electrolytes ionic conductivity with different AN:PEGMA ratios and different NaClO 4 salt %weight was studied with impedance spectroscopy. The conductivity measurement was performed in a completely water-free environment in order to avoid any contribution of humidity to the ion conductivity. The ionic conductivities of the copolymer composites were measured in the temperature range of 20°C-100°C. The frequency dependent AC conductivities, σ ac (ω), of the composites were measured at various temperatures using impedance spectroscopy and equation below:
where σ′(ω) is the real part of the conductivity, ω = 2πf is the angular frequency, ε o is the vacuum permittivity (ε o = 8.852 × 10 −14 F cm −1 ) and (ε″) is the imaginary part of the complex dielectric permittivity (ε* = ε′ − iε″) (35) . The frequency and temperature dependent AC conductivities (σ ac ) of poly(AN-co-PEGMA)/hBN/NaClO 4 composite electrolytes were depicted in Figure 14 . There is an increase in conductivity with increasing of log frequency, which then leveled off as a result of the polarization of electrodes. The variation at the low frequency regions can be attributed to polarization, which barricades the electrode-electrolyte interface. For all composites, ionic conductivity rises with rising in temperature. This is because as temperature rises the motion of the ion becomes faster, which in turn caused an increase in ionic conduction (31) .
By linear fitting the plateaus of the log σ ac versus log F it is possible to determine the DC conductivity (σ dc ) of the composites. The DC conductivities of all the composites were compared in Figure 15 . It is very clear from the conductivity isotherm that the DC conductivity is directly proportional to temperature. From the curve, it can also be seen that the DC conductivity also depend on AN:PEGAMA ratio and concentration of NaClO 4 salt. It increases as the PEGMA ratio increases. This is may be due to the softening of the copolymer, as the percentage of PEGMA content increased the copolymer became softer. As contrast to linear PEO systems, poly(AN-co-PEGMA) copolymer comprises low molecular weight PEO branches with no crystallization or melting temperature Figure 5 . The conductivity also affected by EO:Na ratio. As it can be seen from Figure 15 ANcoPEGMA 11 20Na (EO:Na = 20) have higher conductivity as compared with ANcoPEGMA 11 30Na (EO:Na = 30). This is due to the complex formation between Na + and EO (O − ) and ANcoPEGMA 11 20Na has highest number of Na + ion per EO groups.
Conclusion
Novel poly(AN-co-PEGMA)/hBN/NaClO 4 composite electrolytes were successfully synthesized. The successful formation of the copolymer and it's interaction with NaClO 4 salt was studied with FTIR. The thermal stability of all composite samples are above 250°C and suitable for polymer electrolyte applications. No T g was observed within the measured temperature. SEM images revealed the homogeneous dispersion of hBN particles. The incorporation of hBN particles into the copolymer host was also verified with XRD analysis. The ionic conductivity increases as the PEGMA ratio and temperature increases. ANcoPEGMA 11 20Na showed maximum ion conductivity of approximately 3.6 × 10 −4 S cm −1 . With a little improvement of ionic conductivity, poly(AN-co-PEGMA)/hBN/NaClO 4 composite can be a good candidate for SIBs polymer electrolyte.
